The disappointing efficacy of blood-stage malaria vaccines may be explained in part by allele-specific immune responses that are directed against polymorphic epitopes on blood-stage antigens. FMP2.1/AS02 A , a bloodstage candidate vaccine based on apical membrane antigen 1 (AMA1) from the 3D7 strain of Plasmodium falciparum, had allele-specific efficacy against clinical malaria in a phase II trial in Malian children. We assessed the cross-protective efficacy of the malaria vaccine and inferred which polymorphic amino acid positions in AMA1 were the targets of protective allele-specific immune responses. FMP2.1/AS02 A had the highest efficacy against AMA1 alleles that were identical to the 3D7 vaccine-type allele at 8 highly polymorphic amino acid positions in the cluster 1 loop (c1L) but differed from 3D7 elsewhere in the molecule. Comparison of the incidence of vaccine-type alleles before and after vaccination in the malaria vaccine and control groups and examination of the patterns of allele change at polymorphic positions in consecutive malaria episodes suggest that the highly polymorphic amino acid position 197 in c1L was the most critical determinant of allele-specific efficacy. These results indicate that a multivalent AMA1 vaccine with broad efficacy could include only a limited set of key alleles of this extremely polymorphic antigen.
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Antigenic diversity in Plasmodium falciparum surface antigens may pose a major obstacle to the development of an effective malaria vaccine [1, 2] . P. falciparum apical membrane antigen 1 (AMA1) is considered a promising vaccine candidate [3] , but in vitro studies [4, 5] and molecular epidemiological studies [2, 6, 7] suggest that extreme polymorphism in AMA1 may limit its efficacy as a vaccine antigen. The extracellular domain of AMA1 is divided into 3 subdomains on the basis of the pattern of disulfide bonds [8] . Domain 1 is divided into 3 clusters (clusters 1, 2, and 3) on the basis of amino acid spatial proximity [9] , and the most polymorphic region of AMA1 is a loop within cluster 1 (the cluster 1 loop; c1L) that contains 8 highly polymorphic amino acid positions ( Figure 1 ).
Allelic exchange experiments [5, 10] , in vitro analysis of amino acid relevance [11] [12] [13] , and molecular epidemiology studies [7] identified polymorphic amino acid positions in c1L (residues 196, 197, 199, 200, 201, 204, 206 , and 207) as being the main targets of naturally acquired protective antibodies. It was therefore hypothesized that these amino acids could be important in determining allele-specific efficacy.
We recently demonstrated the first evidence of allele-specific efficacy against clinical malaria of an AMA1 vaccine (FMP2.1/AS02 A ) in a phase II trial conducted in Malian children [14] . FMP2.1/AS02 A , developed by the Walter Reed Army Institute of Research, is a monovalent blood-stage vaccine that is based on an AMA1 sequence corresponding to that of the 3D7 strain of P. falciparum and is formulated with GlaxoSmithKline Biologicals' Adjuvant System AS02 A . A phase II trial of a different, bivalent vaccine containing 2 versions of AMA1, which are based on sequences derived from the 3D7 and FVO strains of P. falciparum, showed neither overall nor allele-specific efficacy [15] . The leading preerythrocytic vaccine, RTS,S/AS01, which is based on the circumsporozoite protein of P. falciparum, has shown about 50% overall efficacy against clinical malaria, but thus far no allele-specific efficacy has been reported on the basis of sequencing of T-cell epitopes [16] [17] [18] .
The analyses reported here were designed to understand which AMA1 alleles contributed to the observed allele-specific efficacy of the FMP2.1/AS02 A vaccine. We previously found that sera from Malian adults vaccinated with FMP2.1/AS02 A inhibited parasite growth in a non-allele-specific fashion [19] . Here we present the results of exploratory analyses designed to assess systematically the degree of cross-protective efficacy provided by FMP2.1/AS02 A against clinical malaria with diverse AMA1 alleles, with the ultimate goal of informing development of an AMA1 malaria vaccine that offers broad cross-protective efficacy.
METHODS

Ethics Approval
Ethics approval for the vaccine trial was obtained from the institutional review boards of the School of Medicine and Pharmacy (Bamako, Mali), the University of Maryland (Baltimore, MD), the Walter Reed Army Institute of Research (Silver Spring, MD), and the US Army Surgeon General.
Overall Study Design
The FMP2.1/AS02 A vaccine was evaluated in a randomized, controlled, phase II clinical trial designed to assess the efficacy, safety, and immunogenicity of the AMA1 malaria vaccine FMP2.1/AS02 A versus rabies vaccine in Bandiagara, Mali [14] . The study population comprised 2 groups of children aged 1-6 years old. One group (199 children) received the malaria vaccine (50 μg of FMP2.1 adjuvanted with 0.5 mL of AS02 A ), and the control group (201 children) received the rabies vaccine. During participant screening, at each cross-sectional survey (days 0, 30, 60, 90, 120, 150, 180, 210, and 240) and each clinic visit with malaria symptoms, children were clinically examined, and blood was collected on filter paper for ama1 gene sequencing. A clinical malaria episode was defined as an axillary temperature of ≥37.5°C and a parasitemia of ≥2500 asexual P. falciparum parasites per microliter of blood [20] . Allele-specific analyses consisted of an intention-to-treat analysis and a per-protocol analysis (starting at day 74, 2 weeks after the last vaccination at day 60).
DNA Extraction, ama1 Gene Amplification, and Sequencing
The QIAamp manufacturer's instructions for the 96 DNA blood kit (Qiagen, Valencia, CA) were followed to extract malaria parasite DNA from filter paper blood spots. The entire 1861-bp ectodomain coding sequence of the pfama1 gene was amplified following a previously described nested polymerase chain reaction protocol [15] . Purified products were sequenced as described by Duan et al [21] , using an ABI 3730XL automatic sequencer (Applied Biosystems, Foster City, CA).
Sequences were edited and aligned using 3D7 (GenBank accession number AF512508) as the reference sequence. Sequencher 4.8 software (Gene Codes, Ann Arbor, MI) was used to align and edit DNA sequences. Sequences were defined as collected from single/predominant clone infections or polyclonal infections on the basis of the peak height of the electropherogram. Multiple-allele infections were defined as those with a secondary peak height of ≥50% of the primary peak height at any polymorphic site. 
Statistical Analysis
Haplotypes were defined only for single/predominant infections. To assess the cross-protective efficacy of the FMP2.1/ AS02A vaccine, SAS 9.2 (Cary, NC) was used to assess the time to the first clinical malaria episode with the 3D7 (DERHFDKY) or a non-3D7 AMA1 c1L haplotype, using Kaplan-Meier survival curves. To evaluate the cross-protective efficacy of the malaria vaccine, the time to the first clinical malaria episode with AMA1 c1L haplotypes matching Fab9 (DQRHFDKY), DD2 (DRRLLDED), M5 (NGRDLNEY), and FVO (NGRDFNEY) during the first malaria transmission season (days 0-240) was also estimated using a Kaplan-Meier approach. Cox proportional hazards models were used to assess the association between vaccine group and risk of a clinical episode with parasites having an AMA1 c1L haplotype identical to 3D7 or any of the aforementioned alleles, and χ 2 tests were used to compare the frequency of c1L haplotypes in the 2 vaccine groups.
To assess whether c1L was the main target of vaccineinduced immune responses, haplotypes were defined on the basis of polymorphic positions that discriminate between 3D7 and FVO in domain 2 ( positions 308, 330 332, and 404) and domain 3 ( positions 439 and 451). Haplotypes defined on the basis of these positions were used to estimate the time to the first clinical malaria episode with a 3D7-type haplotype. Furthermore, we categorized sequences into groups of high, medium, and low homology to 3D7 on the basis of the number of amino acid differences in c1L. These groups were used in a time to the first clinical malaria episode analysis, using a Kaplan-Meier approach and a Cox proportional hazards analysis.
Polymorphic positions relevant to vaccine escape were identified by comparing the incidence of vaccine alleles across all polymorphic sites in the 2 vaccine groups during and just after the vaccination period (days 0-74, with the last vaccination occurring on day 60) and starting 2 weeks after the last vaccination (after day 74). Data collected from the 2 vaccine groups were used to compute the relative risk ratio (RRR) of the incidence of vaccine-type amino acids at each polymorphic AMA1 amino acid position. The RRR was estimated as follows: [(incidence of amino acid in rabies group after vaccination)/(incidence of amino acid in AMA1 group after vaccination)]/[(incidence of amino acid in rabies group during vaccination)/(incidence of amino acid in AMA1 group during vaccination)].
To investigate the shift from vaccine-type to non-vaccinetype alleles at individual polymorphic amino acid positions in the 2 vaccine groups, we compared the frequency of residues that changed from a 3D7-type haplotype to a non-3D7-type haplotype in consecutive clinical malaria episodes in sequences identified prior to the final vaccine dose to the frequency of those collected after the final vaccination. Data from the 2 vaccine groups were used to estimate the RRR of having a shift from vaccine-type to non-vaccine-type amino acids at each polymorphic position in AMA1. The formula used to compute the RRR of amino acid shifts from vaccine-type to non-vaccine-type alleles (amino acid dynamics) can be written as follows: {[(change from a 3D7 type to a non-3D7 type) in AMA1 group after vaccination]/[(all changes) in AMA1 group after vaccination]}/{[(change from a 3D7 type to a non-3D7 type) in AMA1 group during vaccination]/[(all changes) in AMA1 group during vaccination]}
RESULTS
Overall, 600 ama1 gene sequences (GenBank accession numbers JQ812138-JQ812610) were obtained from both clinical malaria episodes and asymptomatic infections during the first 6 months of follow-up. Single and/or predominant clone infections represented 78.83% of these sequences (473 of 600). Among the 473 single and/or predominant clone sequences, 221 were observed in the FMP2.1/AS02 A vaccine group, and 252 were observed in the rabies group.
Allele-Specific Efficacy
Cross-protective efficacy of the FMP2.1/AS02 A vaccine against clinical malaria due to heterologous alleles was measured by comparing the hazard of the first clinical malaria episode with various AMA1 c1L haplotypes (3D7, Fab9, DD2, M5, and FVO strains) in the 2 vaccine groups. Table 1 shows estimates of vaccine efficacy and the incidence of clinical malaria episodes observed for each haplotype. The incidence of clinical malaria with the Fab9 haplotype, which differed from 3D7 by only 1 amino acid (at position 197), was comparable to the incidence of 3D7-type clinical episodes. However, the vaccine did not have significant efficacy against the Fab9 AMA1 c1L haplotype (vaccine efficacy, 1%; 95% confidence interval [CI], .45%-2.17%). Analyses targeting the 3 remaining haplotypes had similar results. These analyses indicate that the vaccine had no cross-protective efficacy against parasites with AMA1 c1L sequences that were not fully identical to the vaccine 3D7 haplotype.
To determine whether the malaria vaccine had activity against clinical malaria episodes with regard to the number of amino acid differences between the vaccine 3D7 c1L sequence and non-3D7 c1L sequence, we grouped non-3D7 haplotypes into those with low (5-8 amino acid differences), medium (3-4 differences), and high (1-2 differences) degrees of similarity to 3D7. Haplotypes identified using these groupings were used to assess the time to the first clinical malaria episode in the 2 vaccine groups. The time to the first clinical malaria episode with any of these haplotypes was comparable in the 2 vaccine groups, and neither vaccine was associated with a reduction of the risk of clinical malaria episodes with any of the haplotypes (Table 1) .
Finally, to confirm a lack of cross-protective efficacy, we estimated vaccine efficacy against any non-3D7 c1L haplotypes. The time to a clinical malaria episode with any non-3D7 c1L haplotype was comparable in the 2 vaccine groups (P = .62), and no vaccine efficacy was observed (hazard ratio, 0.93; 95% CI, .69-1.25; Table 1 ).
Vaccine-Induced Selection
By using the amino acids in c1L to define haplotypes, we identified incident cases of clinical malaria caused by infections with 3D7-type c1L haplotypes in the malaria and rabies vaccine groups. The incidence of clinical malaria episodes with parasites having AMA1 with the 3D7 c1L haplotype was reduced in the malaria vaccine group as compared to the rabies vaccine group: 16 episodes with 3D7-type c1L haplotypes were seen in the rabies vaccine group, while only 6 were seen in the AMA1 vaccine group (intention-to-treat analysis: χ 2 = 4.9 and P = .027; Figure 2) . In a similar analysis using only sequences from clinical malaria episodes occurring in individuals who received all 3 doses of vaccine, the reduction of the incidence of 3D7-type c1L haplotype in the malaria vaccine group was even greater ( per-protocol analysis: χ 2 = 5.97 and P = .015; Figure 2 ). In contrast, sequences with the 3D7 c1L haplotype detected in asymptomatic infections during active surveillance (cross-sectional surveys) were similarly distributed between the 2 vaccine groups (P = .3; Figure 2 ). These observations suggest that selective pressure induced by the malaria vaccine significantly reduced the incidence of homologous alleles during clinical malaria episodes but not in asymptomatic infections.
Identifying Important Amino Acids
To identify specific amino acid positions targeted by vaccineinduced immune responses, we explored the amino acid composition across the whole ectodomain of sequences identified through study day 240. This analysis showed that only 5 sequences exactly matched the 3D7 haplotype at all polymorphic positions. Six of the 22 sequences with c1L amino acids matching 3D7 corresponded to P. falciparum strain PC26 on the basis of the whole ectodomain sequence, 3 matched the sequence of the S35 strain, and 8 were of other types (Supplementary Figure 1 ). This variation outside of c1L suggests that polymorphic residues located outside c1L may not play as important a role in recognition by inhibitory antibodies. Moreover, we used residues that differentiate 3D7 and FVO in domain 2 ( positions 308, 330, 332, and 404 [3D7: QPIT; log rank test χ 2 = 1.16, P = .28). Moreover, we observed no difference in vaccine efficacy against clinical malaria between the 2 vaccine groups (Table 1) . To identify specific polymorphisms driving allele-specific immunity, we assessed whether the incidence of AMA1 polymorphisms was equally distributed in the 2 vaccine groups before and after vaccination. This was done by comparing the distribution of vaccine-type alleles at each individual amino acid position in sequences collected from clinical malaria episodes occurring in the 2 treatment arms during and up to 2 weeks after the vaccination period, as well as during the period starting 2 weeks after vaccination was completed (Figure 3) , accounting for multiple comparisons. The RRR of the incidence of vaccine-type amino acids showed that vaccine-type amino acids at positions 175, 187, 172, 197, and 332 were less frequent in the malaria vaccine group as compared to the rabies vaccine group ( Figure 4A ) following vaccination. In contrast, the incidences of vaccine-type amino acids at the rest of the polymorphic positions were similarly distributed in the 2 vaccine groups before and after vaccination.
In further support of the relevance of specific amino acid positions, an analysis of the shift from vaccine-type to nonvaccine-type alleles in consecutive malaria episodes revealed that the incidence of alleles that changed from a 3D7 type to a non-3D7 type was higher in the malaria vaccine group as compared to the rabies control group in sequences identified from days 75 through 240 for the 3 amino acid positions 197, 435, and 485 ( Figure 4B) . Interestingly, position 197 was identified as the most important polymorphic site for characterizing AMA1 allelic identity by all 3 methods of analysis used to assess the role of specific amino acid positions. We used the amino acid at this position to define alleles to assess the time to the first clinical malaria episode with a 3D7 allele. The allele-specific efficacy data calculated using only position 197 to define alleles revealed vaccine efficacy identical to that for the whole c1L haplotype against 5 known c1L haplotypes ( Table 1 ), suggesting that amino acid residues at position 197 may be the driving force of allele-specific efficacy in c1L. This was confirmed by an analysis of the amino acid composition at position 197 in the whole sequence data set. Among the 473 single or predominant clone sequences used in this analysis, we identified 49 sequences with c1L amino acids exactly matching the 8 amino acids in 3D7 c1L. In all of these sequences, when the amino Figure 2 . Incidence of 3D7-type apical membrane antigen 1 (AMA1) cluster one loop (c1L) haplotypes detected during clinical episodes and in asymptomatic infections detected by active surveillance in the malaria vaccine and rabies groups. The incidence of vaccine-type AMA1 c1L haplotypes was significantly lower in the AMA1 vaccine group in clinical episodes (but not in asymptomatic infections detected during active surveillance).
acid at position 197 is a glutamate (E), the remaining amino acids in c1L were, by definition, 3D7 type. However, the same observation did not hold when any of the other amino acid positions were used to define the 3D7 c1L allele. This observation indicates that, at least within this data set, amino acid 197 can be used as a surrogate for the amino acid identity of 3D7 c1L. Therefore, instead of defining AMA1 alleles on the basis of the entire c1L, it may be possible to use the amino acid at position 197 to reduce the number of alleles that would need to be considered in vaccine design.
DISCUSSION
Identification of the relevant amino acids driving allele-specific immunity is an important step in the design of malaria vaccines that target polymorphic antigens. The characterization of the AMA1 protein crystal structure [9] has allowed identification of immunologically important amino acid residues in this malaria vaccine antigen, using both in vitro [5] and in vivo approaches [7] . In particular, molecular epidemiological tools and approaches have the potential to inform the choice of antigenic variants to include in multivalent, broadly efficacious vaccines [1] , and these tools can be used to assess the impact of malaria vaccines on the frequency of alleles observed in field trials [14] .
The finding that a monovalent AMA1 vaccine was efficacious only against homologous alleles in a human vaccine trial is consistent with in vitro studies [4] and animal studies [2, 22] suggesting that AMA1 generates allele-specific immune responses. The observed patterns of natural acquisition of allele-specific immunity to AMA1 are consistent with a gradual accumulation of protective responses to a repertoire of AMA1 variants by people repeatedly exposed to malaria over years [23] .
In contrast to a bivalent AMA1 vaccine that showed no overall efficacy nor any suggestion of allele-specific efficacy Figure 3 . Shifts from vaccine-type to non-vaccine-type alleles at 4 apical membrane antigen 1 polymorphic amino acid positions (162, 197, 206 , and 243) identified in 2 representative study participants during 6 months of follow-up. The shift from vaccine-type to non-vaccine-type alleles between consecutive infections was assessed during the vaccination period (vaccinations occurred on days 0, 30, and 60), from day 0 through day 74 (ie, 2 weeks after the last vaccination, before vaccine-induced selection should be strong), and after vaccination (ie, after day 74, when vaccine-induced selection should be most evident). Malaria vaccine (3D7) amino acids are shown in the first column, with each color representing a different amino acid. Amino acid changes (or lack of change) occurring during consecutive infections are shown along the horizontal lines. The dynamics of amino acid changes observed during the vaccination period were compared to those observed starting 2 weeks after the third and last vaccination, with the hypotheses that, at amino acid positions under selection by the malaria vaccine, (1) non-vaccine-type amino acids would be observed more often in the period after vaccination in the malaria vaccine group than in the control group, and (2) in paired consecutive infections, changes from vaccine-type amino acids to non-vaccine-type amino acids would be observed more often in the period after vaccination in the malaria vaccne group than in the control group. Figure 4 . Relative risk ratio (RRR) of the incidence of vaccine-type amino acids (A) and shifts from vaccine-type to non-vaccine-type amino acids (B) during the vaccination period (up to day 74) as compared to the period after vaccination (days 75-240) in the malaria vaccine and rabies vaccine groups. A, At positions 175, 187, 172, 332, and 197, 3D7-type amino acids were more prevalent after vaccination in the rabies vaccine group as compared to the malaria vaccine group. Polymorphic positions for which the 2 vaccine groups were significantly different have a RRR of >3 (the cutoff for a significant difference in amino acid prevalence between sequences generated before and after vaccination). B, Amino acids from consecutive clinical malaria episodes experienced by the same study participants may change from 3D7 type (ie, vaccine type) to 3D7 type, from 3D7 type to other type, from other type to 3D7 type, or from other type to other type. The incidence of changes from 3D7 type to other type, divided by the incidence of all other types of changes, should increase after vaccination in the malaria vaccine group but not in the rabies vaccine group if an amino acid position is under selection by the vaccine. The relative risk observed after vaccination, divided by relative risk during vaccination, is plotted for all polymorphic positions of the AMA1 ectodomain. This ratio is high at positions where the change from 3D7 type to other type increased after vaccination, indicating vaccine selection. A significantly increased RRR of > 38 (the cutoff for a significant difference in amino acid shift from the vaccine type between sequences generated before and after vaccination) is observed at positions 485, 435, and 197.
[15], the FMP2.1/AS02 A vaccine was highly efficacious against clinical malaria with vaccine-type AMA1 c1L. The mean antibody responses to FMP2.1/AS02 A vaccine were much higher and more sustained as compared to antibody responses to the bivalent AMA1 vaccine, suggesting that the latter vaccine failed simply because it was not immunogenic enough. In secondary analyses, the FMP2.1/AS02 A vaccine was shown to have an efficacy of about 20% against all clinical malaria episodes [14] , with varying statistical significance. This marginal overall efficacy may represent the vaccine having an effect exclusively directed against vaccine-type and closely related alleles with respect to the cluster of highly polymorphic amino acids located in domain 1 of AMA1.
The allele-specific efficacy of the FMP2.1/AS02 A vaccine was confirmed by an analysis of the incidence of the vaccine and nonvaccine c1L haplotypes in clinical episodes before and after vaccination, which revealed a decreased incidence of the 3D7 AMA1 c1L haplotype in the malaria vaccine group as compared to the rabies group following vaccination. With 3D7 representing 13.5% of c1L haplotypes, an overall efficacy of approximately 20% against clinical malaria episodes suggests that there may be other AMA1 amino acid positions outside of c1L that are targeted by protective antibodies. While it is possible that FMP2.1/AS02 A would offer protective efficacy against clinical malaria caused by parasites with c1L that matches 3D7 at position 197 but is not identical to 3D7 at other positions within c1L, we found no such haplotypes among the 600 samples sequenced in this study.
The finding that this malaria vaccine was efficacious only against clinical malaria with AMA1 alleles homologous to the vaccine allele in c1L points to the need for a multipleallele vaccine. Although a multivalent vaccine including all unique AMA1 alleles would be practically impossible, by using molecular epidemiological approaches it may be possible to group sequences that are closely related and/or to identify amino acids that play a fundamental role in allelespecific efficacy. Representative alleles that cover a large proportion of the population may be selected and used as vaccine antigens, as has been done for a successful multivalent pneumococcal vaccine [24] . Focusing on representative alleles may reduce the number of alleles to a number that can feasibly be managed by vaccine developers. A multivalent vaccine that comprises 10 of the most prevalent alleles may cover >70% of alleles identified in the study area (Supplementary Figure 2 ). In corroboration of this finding, immunological analyses have been used to assess the allele specificity of the immune response by characterizing antibody responses against variants of AMA1 [13] . These analyses revealed that epitopes within AMA1 of the 3D7 strain of P. falciparum are representative of both D10 and S35 epitopes (which are identical in domain 1 but differ in domains 2 and 3), suggesting that 3D7 may be used to achieve cross-protection against both D10 and S35 strains in a multivalent malaria vaccine.
Even though a barrier blocking clinical episodes with vaccine-type alleles (a sieve effect) [25] was observed at several amino acid positions in domains 1 and 3, the strongest barrier induced by the malaria vaccine was seen at amino acid position 197, which is located in c1L of domain 1. Alleles defined on the basis of this position showed vaccine efficacy identical to that for the whole c1L, suggesting that this position may be the most critical amino acid in antibody binding. Therefore, instead of considering all polymorphic positions of AMA1 to define haplotypes, position 197 alone might be used to define which alleles to include in a vaccine. This would reduce the number of alleles required to design a multivalent AMA1-based vaccine to only 6, which would represent 100% coverage of all alleles, where "alleles" is defined on the basis of AMA1 position 197.
The latest findings that a mixed-antigen formulation may produce the same immunological response as sequential infections with the same antigens [26] further support the feasibility of developing a multivalent AMA1 vaccine, either as a stand-alone blood-stage malaria vaccine or, more likely, as a component of a multistage, multiple antigen vaccine [27] , with higher efficacy than that achieved by the most advanced malaria vaccine, RTS,S/AS01, which is currently being assessed in a large phase III trial in Africa [28] .
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